
PRELIMINARY DATA ON THE LUNAR SOIL COLLECTED BY /7

THE LUNA 16 AUTOMATIC PROBE

A. P. Vinogradov

ABSTRACT. The results of preliminary studies
of a sample of lunar soll taken by the automatic
probe "Luna 16" are given. Information on the

granulometric characteristics of the regolith, its
optical properties, types of rocks, and mineral
composition are described. The chemical composi-
tion of nmcro- and microelements for different

parts of the core sample is determined for the
lunar basalt. The isotopic composition of inert

gases of certain elements is studied. The age _
was established by the Rb/Sr method as 4.85 -- 4.25

billion years.

As we know, the Luna 16 automatic probe collected a sample of _

lunar soll taken from Mare Fecunditatis, in the northeastern part,

at a point with the coordinates 0°41 ' $ and 56018 ' E, approximately

i00 km west of the crater Webb (Figure i).

Hare Fecunditatis contains traceo of comparatively quiet

uplifting, its bo_dera are not marked by an annular rlngwall, and

its outlines are blurred. The mare ls a plain with low (lO0 -- 300 m)

branching ridges traversing it. The ray systems of the large craters

are not Found in this area, The lunar soil From Mare Fecundltatls

is characteristic of the new region of the "mare" surface of the Noon.\

Hence. the three large maria on the near side, arranged along the

\
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• _ lunar equator (Mare Tranquilltatis

Apollo II samples; Oceanus Procellarum

--Apollo 12 samples; Mare FecuIlditatls

--Luna 16 samples) give a fairly

complete idea of the nature of the surface

rocks on the Moon.

The friable surface material of Mare

Fecundltatis, the regolith, was collected

by means of a drill which penetrated the

rock to a depth of 35 cm. Further down,

it struck hard rock or individual large

" fragments of rock. A column of regolitn

filled the core sampler. In a helium-

filled chamber, the column of sandy soll

---regolith---was trar,,ferred to a

collecting pan and showed no visible

stratification, appearing to be uniform

(Figure 2). Only a small portion of the

soil in the core sample, at a depth of

35 cm, was composed of coarse-granular

material. The total weight of the rego-

llth collected by Luna 16 was i01 grams.

On the whole, the regollth Is a multi-

granular dark-grey (blacklsh) powder which

is easy to shape or agglutinate Into

Individual friable lumps. The f,_alns are

either molten and roundeO or angular.

The granularity of the regoltth increases

with depth; an average grain size of 0.1

m pred_m!nates. The numerical dlstrt-

, butlor of the @ralns closely follows a

,,, power law: whlch 6overns the distribution |

Figure 2. Photol_aph of of particles in the ease of repeated
lunar soil In pan In arushln6. The ae4tan _aln :t:e in the
reoelvt_ ohaaber. At the
bottom Is the deeper part rogoltth Increases f_om the surface
of the oore, where eoarser down, ard from TO to 120 urn. On this basis:
aaterJ£1 ¢an be seen.

_.
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and according to the nature of the regollth
Princilealzones core, it could be divided into several

zones: A, B, C, D, and E. The regolith
-Surface--

"" from each zone has been btudied. Zones
•....'[:A Fine-grained
•.'.v._j material with A and B arc fine-gralned material with a
}[..-i_"-low content of
'"'"'....... coarse fractions, low content of the coarse fraction, making

.iv'i-/#B No rock lumps up 0 to 15 cm of the length of the core;
"" ' larger than 3mm.

!;i!i'!ii C and D are composed of differrnt grain
• _._-/J Material of _izes larger than 3 am, and make up Ib to

..'... varJous grain 33 cm of the core; zone E is made up of
"o". 'e C...,.-2@ sizes including

• lumps of rock I coarse-gralned material and occupies 33
"' " and other par-
..'.;:-tJticles measuring to 35 cm of the length (Figure 3).
....-- more than 3 "".

D !

I Hence, the thickness of the regollth
"bQi3
_ '_- Coarse-grained
__Af, E material, in Mare Fecundltatls at the point where

Solid rock (or the sample was collected is shallow (about
fragments theraof).

35 cm) and may possibly reach 0.5 to i m

or slightly more when approaching the
Figure 3. Schematic
diagram of lunar soll regolith in Oceanus Frocellarum, where it
core sample.

can reach app,__Imately 1 to 3 m, while

in Mare Tranquilitatis it reaches up to 6 m. We probably still do not

know the true average thickness of the regolith.

a study of the physical characteristics has indicated that the

regollth has a specific gravity in natural deposits of 1 17 (1.20)

g/cm j.

Its density may be raised to 2.3 s/cm' by mechanical compaction. /8

The specific thermal capacity is 0.17 kcal/kg.degree, thermal conduc-

tivity is 1.9"10 "_ kcal/m.hr.degree, the specific electrical resist-

ance is 3._2-]06 o_s/meter, etc. This applies to the regollth, not

in a natural deposit but wt_h an environmental pressure of 10 -s tort

and a stress of 160 k4f/m a on the regolith,
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The optical properties were determined. In the case of Mare

Fecunditatls, the average albedo was 0.069; near the landing site of

the Luna 16 it was 0.105. A direct determination made on a sample

' of regolith yielded 0.107. ,e normal aibedo rises somewhat in red

light: 0.086 in the ultraviolet range, 0.126 in the near infrared

and 0.107 in the visible. The reflection indices clearly show the

mirror component, with the angle of maximum light reflection slightly

greater than the angle of incidence. This characteristic becomes

more pronounced as the wavelength of the light increases and the

angle of illumination decreases.

The friable soll of the lunar maria, the regolith, reveals a

highly contrasty appearance under the microscope, in comparison with

friable soil from Earth. The regollth also is not similar to the ash

from terrestrial volcanoes. Two basic combinations of particles can

be distinguished: particles of primarily magmatic surface rocks of

the basalt type, as we mentioned previously in conjunction with the

data from the gamma spectra of the lunar surface, obtained by the

Luna l0 unmanned probe in ]966,(l_and" particles which have under-

gone significant transformation on the surface of the Moon. The

former are characterized by a remarkable bright appearance which is

observed on Earth only in freshly fractured samples of unchanged 4

rocks (they show practically no traces of rolling and are angular in

shape). The latter have definite indications of melting: sintered

particles of complex shape, vitrified from the surface, a significant

quantity of spheric..l molten formations _ like congealed droplets,

with a glassy and metallic appearance, similar to the "space spherules"

on Earth, These particles indicate that they were formed from liquid

i and hardened rapidly. The regolith particles are shown in Figure 4
: as they appear under the microscope, while in Figure 5 the various

particles have been collected into groups: gabbro, basalt, anortho-

\ _ site, breccia, slag and cinders, glass and clinker, spherules, various

i particles (el. also Figure 6). Under the scanning electron micro- ,

_- scope, one can see (Figures 7 and 8) how the coarse silicate particles

(1)DokladyANSSSa,Vol. 1To, ,o. 3, 1966, 61.

5
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Figure g. Large pieces of lunar rock.

1 _ large-graln basalt 'gabbro), leucocratlc; 2 _ large-graln basalt
(gabbro) melanocratlc; 3 _ basalt, partly porous; 4 _ anorthoslte;
5 _ breccia; 6 _ molten slag par.t.lcle.

- ""_ _ _!il _ '_

_..__

Figure 5. Groups of the most characteristic particles of lunar
i regolith from the +0._5 mm fraction.

1 --basalt; 2 _ coarse-grained basalt (gabbro); _ --anorthosites; ,
i _ ---uniform glasses and _ra_ns of mLnerals; 5 --spherules and

spherical formations; 6 --turbid glass; 7 _breocia; 8 _calcined
particles (clinker); 9 -- slag and molten particles.

6
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Figure 6. Various types of particles: spherules and spherical
formations, glasses, clinkers.



Figure 8. Scanned image of particles of the fine fraction of
regelith obtained _:ith the scanning electror microscope using
secondary elect_.ons. The large silicate particles with a cross
section similar to the hexagonal and traces of protuberances on
the surface are sprinkled with very fine material.

adhere to the fine fraction of other particles. The content of

different particles in the regclith fraction larger than 0.45 mm is

shown in Table 1.

The particles of basalt are of at least two types, characterizing

the conditions of solidification of the basalt melt --- flne-gralned

basalt (with glass) and coarse-grained basalt of the gabbroid type I
i

(Figure 9). They have an ophitic structure and make up about 1/4 of

the entire coarse-gralned fraction (larger than 0.45 mm). The prin-

cipal materials of these rocks are plagloclase, pyroxene, ilmenlte,

and rarely olivine. Their relative content changes notably in vari-
L

ous particles. Thus, we can say that a volcanic process occurred on

the Moon with efflux of basalt and evidently formation of the lunar

i crust, whose thickness is still not known precisely.
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TABLE i

DISTRIBUTION O_ PARTib_ _ _±rF_mE_ _""

THAH 0.45 mm IN ZONES A, B, C, AND D

(PERCENT OF NUMBER OF GRAINS)

--_.......... Zones
Rock

' A B C D

Gabbro 13.1 17.5 8.! 15.2
Basalt 7.3 9.0 4.9 7.9
Anorthosite 1.1 3.7 2.5 4.5
Breccia 33.9 41.4 35.5 8.3
Slags and clinkers 40.0 17.5 41.8 53.5
Glass and single grains 2.3 4.0, 6.2 6.1
Spherules 1.2 1.3 I. 2 1.6

Various particles 1.2 5.71 _ 2.6

Total number 838 297 ,2351 5
of particles

, Weight of fraction, g _ .230 o loolo56o .260

Figure 9. Section of large-grained basalt (gabbro) In polarized light
using crossed nicols (enlarged). Idtomorphto _atns of plagtoclase
and some llmenlte (black)p xenomorphic pyroxenea a few extrusions
o_ o..vlne.

i
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In our opinion, this universal process of efflux of readily

molten material from the Moon's core (with degassing) proceeded

according to a zone melting mechanism. One finds feldspathic rocks

(anorthosites), white crystalline grains. Their numbers are insig-

nificant and their crigin even on the Earth is not very clear.

Breccia -- cemented, lithified rocks, formed as the result of

compaction of the finely powdered material of the regolith and con-

taining in various proportions all the components, including the

particles of the primary magmatic rocks, ferronickel alloy, etc. In

some breccia there has been observed a rolled form of the particles /i___2

and sometimes a slight compaction, which leads to their easy fracture.

Breccia is magnetic; it makes up as much as 40% of the total number

of particles.

Slag and cinders are flne calcined particles that form aggregates

of very complex irregular branching shape. All of the components of

the regolith are included In their composition.

Glass I vitrified and calcined particles make up at least half of

all the particles of regollth. Depending on the composition (:ontent

of Fe, Tim etc.), they have colors that range from dark brown to

black. One sees both bubble-like slag-type meltlng and smooth glaze-

like vitrification. Thls Is typlcal lunar melting9 which takes place

during the instantaneous heating of a completely cold paytlcle.

Solidified drops --- spherules and similar fol_mat£ons are found

In different shapes --pear-shaped, dumbbell-shaped_ etO._ and trans-

parent_ cloudy-whtte_ greenish, yelloelsh-tuybtd and opaque. Some

are hollow. Their sheen ranges from glassy to metallic; their num-

bers Increase among the fine fractions. They are formed at tempera-

tures far In excess ()f the temperature of molten rockp when they

spray out in the molten state.

i

10 ........;-
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Finally, there are the grains of individual minerals: plagioclase,

olivine, anorthlte, pyroxene, splnel, ilmenite, iron particles, etc.

Table 2 gives some idea of the nature of the content of various min-i

erals in the regolith. It follows from the data in the table that

the content of olivine, for example, on the whole is quite significant

and approaches its content in the regollth in the Apollo 12 samples,

while the olivine content in the Apollo ii samples is much less.

However, the content of ilmenite, for example, is similar to the con-

tent in the Apollo 12 samples, while there is much more of it in the

Apollo ii samples than in those from Luna 16 and Apollo 12. Olivine

occurs in the regolith only in the form of individual monocrystalllne

fragments of irregular shape (acute-angled pieces) of different colors,

as well as in the composition of gabbro particles. X-rays reveal the

lack of lattice deformation and the effects of twinning, i.e., the

absence of lattice stress. This is the ordinary alpha modification

of olivine; it is characterized by a non-ordered distribution of

magnesium and iron atoms in the structure. From the data of mlcro-X-

ray spectral analysis of a section of a silicate particle of this /l_!/

type, it is evident that it has the following composition (wt. %): Si02--

36.0, MgO -- 27.5, FeO _ 33.8, CaO _ 0.38, MnO -- 0.29, Cr2Os --

0.15, A1203 -- 0.05, Ti02 -- 0.01, CoO -- 0.03, NIO < 0.01, Z --

.,_ 98.2. This 18 a homogeneous crystal of olivine whose iron content

is 40 mol. S Fe2SiO_ and corresponds to the molecular formula

[Mg,.,,Fe%_Ca, Mn, Cr_SiO,.

The most widespread mineral in the regollth 18 anorthite,

followed by austte and ilmenlte. Anorthite i8 found in the form of

fine-crystalline aKKreKatee in samples of basalt, gabbro, 8pherules

and in fine fractions of regollth. No individual single crystals

\ were found.

q

PlaKloolase is Found also in the form of single crystals with

triclinlc s_munetry. The py_oxenes of the auKtte-plEeonite type ape

found in pieces of rook where in mar_y oases they play the pr_nary

Pole in basalt and Kabb_o. X-ray 8peetral analysis ha8 been used to

°

i
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TABLE 2

RESULTS OF MEASUREMENTS OF MOSSBAUER SPECTRA OF LUNAR MATERIAL...................... _.

Fraction of total area of Mossbauer spectrum of
iron-contalning mineral, %

Material
USSR (Luna 16) USA (Apollo ii)

Sample

A3-1 A3-3 D8-2 84-14 [ 45-24

llmenlte 7.7 6.7 9.2 19.7 1 26.9
Pyroxene 69.0 71.5 65.1 67.6 60.8
Olivine 18.8 16.7 25.5 4.4 1 6.1
Iron 4.5 5.1 not determined 5.8 2.1
Trollite _i -i ,i _i _2

Magnetite _2 _2 _2 1.4 2.1

study the distribution of elements in sections of basalt, which has

made it possible to identify the minerals (Figure i0).

Ilmenlte is found in the bulk sample of regolith, sometimes in

combination with auglte. Chromium spinel has been seen in the form

of single dark crystals. As far as magnetic material Is concerned,

micro X--ray spectral analysis can be done on S_uple 3-4b. I
Analysis with the surface intact (without preparing a section)

reveals the irregular dlstrlbution of Fe, NI, Cr, TI, SI, AI, Mg, !

and Ca. Zones can be distinguished wlth llthogenlc elements and i

zones with increased concentrations of Fe (6%) and Ni (1%) (Figure I

ii). At some points, an Iron content of up to 66% is seen, while the I

amount of nickel may reach 6%. However, it has not been possible to 1

use the Mossbauer spectroscopic method to detect nickel in magnetic

particles. X-ray analysis of Iron particles reveals alpha-Iron, I.e.,

kamactte. Tenlte could not be found. The volume of 1ton particles

does not reach 1% in the regoltth. It Is dlfft_ult to say anything

definite at the present time concerning the origin of these particles.

As we shall see later on, the quantity of nickel In the regoltth In
\ L

comparison with Its content In monolithic rook (basalt) ls hlgher In

the case of the Luna 16 materlal and also in that from Apollo ll and

12 by a factor of 5 on the average, while the amount o£ oob&lt _ncreases t

by a factor of 1.5 at the most. In addttlon_ we see & very low content

l

1974011362-021



Figure 10. Phot_z_ph of portion oI section of coarse-grained basalt

(gabbro) obtained on X-ray micro_Jalyzer.

a --aluminum distribution pattern; b --magnesium distribution
pattern; c -- titanium distribution pattern; d -- iron distribution
pattern. Minerals: £y -- pyroxene; £1 -- plagioclase; I1
ilmenite.

of platlnoids in the regolith, while in the iron meteorites there are

hundreds of times more of them than in the rocks. A chemical analysis

i was performed in parallel with the X-ray spectral analysis (mainly
_ for the basic elements) and the mass-spectral (all elements) and spec-

\
tral as well as activation methods -- selectively, for individual

elements (Table 3).
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Figure ii. Scanned pictures of magnetic particle recorded on X-ray
microanalyzer.

a -- image with absorbed electrons; b -- iron distribution pattern;
c -- silicon distribution pattern; d --nickel distribution pattern.

TABLE 3

CONTENT OF MACROELEMENTS IN REGOLITH FRACTION FROM

Zo_NESA,_8,czAND_p_/X-RAYMETHOD),wt.,
Compo-|_ R,e_olith /7 Ba- --..... _.....

nent I A B C , D, salt _e...n_A 15_ _ salt
Al,O,I].5.32].5.,0].5."51].5.].5113.65Or,O,10.].10.2510.3010.260.28
I,,0 I].6.80_6.5516.301].6.90119.35m_o I0.].I0.2010.20F0.22 0.20
CaO I12.20 12.80 12._2112.55110._¢ Na,O_O. 7 10.36 I 0.36 I0.28 0.33
XgO 18.73 8.82 8.961 8.6oi7.05 o Io.121o.].o 1O.lO o.15•  .3o, '° 9 Io._oI o.].8 I o._5 0.17

T'%,
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As we can see, the variations in the pr!..clpal composition of /]5

the regolith on four levels were insignificant. The differences in

content between the regollth and the basalt were much more striking.
i

If we compare the composition of the Luna 16 rocks with the rock sam-

ples collected _,,..Apollo ii and 12, the differences are not so great

on the whole, with the exception of the content of Ti, Zr and several

other chemical elements that are found in the lunar rocks in small

amounts (trace elements) (Table 4). Mention should be made of the high

contents of F, S and C! and other volatile elements which have dissi-

pated away from the Moon. However, vacuoles are found in particles

of regolith that may possibly contain common gases; they are being

studied.

A comparison of the chemical composition of the regolith and the

monolithic rocks of the three maria indicates that the material has

the exact same nature everywhere, with variations in the composition

of both the regolith and the monolithic rocks. The most marked dif-

ference in the composition of the Luna 16 rocks consists in the low

Ti content. It is practically the same as in the rocks from Oceanus

Procellarum (Apollo 12) but nearly half that in Rare Tranquilltatis.

The variations in the content of Mg and Fe are small (Table 5).

The highest Zr content is found In the crystalline rocks from

Mare Tranquilitati8, where there is a great deal of Tij Y and $c.

The content of the majority of macroelements as well as Ni and many

microelement8 in the three maria is practically the same. The Ni

content in the regollth from the three maria is strikingly similar. /16

The variations in the composition of the regolith and continental

rock of a given mare is of the greatest interest. These variations

are repeated in the three maria. For example, the content oF Fe, Ti

and Zr ls always h_gher in the continental ronk than in the resolith.

However, the Nt content is always hlKher in the repllth than Sn the

crystalline rock. 3_mllaritles in the T1 content in the crystalline

rocks and in the regoltth indicate that the reKolith was FOlded on

the spot and was not conveyed Fl_aa distance (llke volcanic ash).

The amount oF Ca increases in the resollth as does the amount oF AltOo.

1974011362-024
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Hence, the regollth is enriched wlth plagloclase and impoverished

with respect to pyroxene, olivine, ilmenite (and spinel), i e., the

crystalline rocks are more maphic than the regolith. The rare litho-

phillc elements are usually found in the crystalline rocks of Mare

Tranquilltatls: Y, TR, Zr, Cr, and Th and U as well (Table 6).

TABLE 6

CONTENT OF Th AND U, ppm

Elemen_ Regollth Crystal ro ks

Th 2.24±0.0616.o±0.6 aTatO.05' 2.9±O.aIO.88±O.Og__.a±O.l*

U 0.59±0.0211.5±0.2 l±O.01* 0.7±0.iI0.2"±0.003_.2±0.02'
Th/U 3.8 1 4.0 I 4.7 4.0 1 3.7 | 5.7

*Determined mass-spectrally

We have already called attention _o the low content of platlnolds

and gold In the regollth. We still do not have a great deal of data

In thls regard, but the following distribution of platlnolds and gold

can be seen in the lunar rocks (Table 7).

TABLE 7

DISTRUBUTION OF PLATINOIDS AND GOLD IN LUNAR ROCKS, ppm

Rock Pt Pd Ir i _ Rh Au

Terrestrial basalt 0.02 0.02 "-- / -- -- 0.004 ....

Lunar crystalline
rocks collected b_

Apollo II --- 0.006 s 0.01 --- -- --

Apollo II --- 0.I *s 0.0001 -- -- 0.0016 mm

Apollo 12 -- -- 0.0013 **e -- -- 0.d011 **e

Luna 16 -- O. 027 -- 6.3 -- --

RegolLth collected
by Apollo 11 -- 0.0_ et -- --- -- 0.0021'**

Luna 16 -- O. 01 -- O.027 O.0037 O.002

Iron aeteorLtes t2.0 3.7 2.8 .... 1.0
__ ,, .

eBaedeoker, Vseeon _2enoe, 19"/0, _67, X 3915.*allo_lson, et al. _ Science, 1970, 167, ..3918.
glgJglX_ul, Ol; ILl. --- irazth _ Planet. 8@1. Left., 1970, 9, N 2.
gooegJlfsJIIke, Ot Lt. ---8OSlmCO, 1970, 167, N 3918.

: 18
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The determination of all the rare earths is not yet complete.

The isotopic analysis of Li_/Li 6 for the regollth is 12.28; K39/K _l

m 14.00 ± 0.18; RbSS/Rb 87 for an average sample is 2.57 ± 0.04, i.e.,

the isotopic composition corresponds to that of these elements on

Earth. On the other hand, for example, a disruption of the isotopic

composition has been observed for lithium in meteorites.

As we know, shearing products are produced in rocks under the

influence of the "solar wind." They have been observed in the

regolith-- Na 22, AI 2_, etc. For example, A126 yields 173 ± I13 dis- /17

integratlons/mlnute/kilogram. This work is continuing and we hope to

have data on both the zone A fraction and the zone D fraction from

the deeper part of the regolith core. This would make it possible

to explain more.

It is interesting to mention in this connection that the infrared

spectrum of the regollth has revealed the presence of a broad unstruc-

tured absorption band in the region of the oscillations of the silicate

bonds. Calcination of the regollth sample in an argon atmosphere up

to !000 ° C leads t the appearance in the IR spectrum of a distinctive

structure -- individual bands asscziated with the absorption of iso- i

lated and combined SiO_ groups, framework silicates, etc. Consequently, i

we can assume that there has been an irradiation of the regolith
material and the possible changes that occurred as a result of thie

are removed by calcination.

The "solar wind" acts on the rock, causing its metamtcttzation

_ and the formation of shearing products to a shallow depth, about

S _ 5 cm. Hence, we declded to measure the activity both in the

upper layers of the regolith _nd in its base. The results may explain

the history of the accumulation of the regolith.

The resolith contains inert gases of unusual composition; the _
latter is independent of the depth of the regolith (the regolith

sample is from zone D) (Table 8). 1

19 ............
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TABLE 8*

CONTENT AND ISOTOPIC COMPOSITION OF INERT GASES IN

DUST SAMPLES (TN l0 -8 cm 3)

Mare Apollo ll
Isotopes Fecunditatis

sample D-7 Schaffer, Zahringer Reynolds Hindenberger
..... u,

H_ 18000000 i1000ooo-19ooo_) 29ooooo0 9oooooo
H_/H_ 2670 2540 21_ 2770
N_o 340000 3t_ _000 Ira000
N_IN_' 12.80 12,4 i2,_ 12,6
N_*/Ne:i 0 .0_52 0,0_0 0,0_2 0,0332 ooo o
Ar_/A_ _ 1,I i,lZ6 3,_
A_/Axza 5 5,20 5,19 5,_
K_ 2i 37 8,5
x_ 8.5 _o 4,6 2,2

*'[Translator's Note: Commas represent decimal points.]

The predominant component of the gases is the gases of the "solar

wind." Their composition differs sharply from that of terrestrial

gases and gases from meteorites. The concentration of the gases is

very high, several orders higher than in terrestrial objects and in

meteorites. The He and Ne contents are about the same as in several

meteorites that are rich in neutral gases. They are usually dis-

tinguished by an isotopic compositio, with Ar -- for example,

Ar_°/Ar _6 - l, and ArS'/Ar 3a -- 5.25 corresponds to that on Earth.

The amount of Ar _° is 4 to 5 times greater than the amount which

could be formed in the rocks as a result of the decay of K*°. The

isotopic composition of Xe also differs from that on Earth and is

being investigated further. On the basis of the content of inert

gases, the substance of Mare Fecundltatis is closer to the regollth

of Mare Tranquilitatis. The first determinations of the age of the

Moon have been made using the Rb/Sr method and the fine fraction of

the regolith, which gave a figure of (4.85-101 to 4.25.10 I) _ 0.75.10 s

years. The average along the isochron is _.45 and 4.65.10 ° ± 0.5.10 I

years. Hence, the samples from the three maria are very similar in

\ _ absolute age, i.e., the age of the Moon corresponds to the age of the

Earth. The same values are obtained according to pbze*/pb ae_. The

age according to the K/At method is difficult to calculate. The

exposure time of the regolith is of particular interest.

f
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Hence the lunar rocks from the three maria are of a single

common type (basalt), and the variations in their composition are a

function of the conditions of _heir melting, while those of the rego-
r

lith are due to its somewhat di2ferent history.

The rocks from Mare Fecunditatis, as we have seen, resemble those /19

from Oceanus Procellarum. However, they resemble the regoli_h of

Mare Tranquilitatis, for' example, in their content of neutral gases

in the regolith.

Let us formulat_ some preliminary concepts. It is still prema-

ture to make a conclusive statement regarding the nature of the pro-

cesses on the lunar surface. We shall limit ourselves to the data

obtained from the study of the rock samples brought by Luna 16 from

Mare Fecunditatis and naturally compare them with the data collected

on the flights of the Apollo ii and 12. The material from all three

maria m Mare Tranquilitatis, Oceanus Procellarum and Mare Fecunditatis

m is surprisingly similar in its petrological, mineralogical and

chemical composition. The vast lunar maria, located along the Moon's

equator, are depressions that were flooded with basic lava at some

time Ir the past. Long ago, during the era of intensive volcanic

activity, an enormous mass of basalt flowed out onto the lunar sur-

face, accompanied by the dissipation of gases. Depending on the

conditions of the eruption, the depth, temperature, etc., the basalt

surface rock on the Moon differs in terms of the content of Fe, Ti,

Zr, Ba and other elements. The iron content of the magma was not

th6 declding factor in this endogenic process. It is possible that

_ rocks will be found on the Moon which are derivatives of basalt

t_ (anorthosites, rhyolites). We do not know exactly the depth of the

basalt crust of the Moon. The absolute age of the surface rocks of

the Moon (rather, the age of the Moon) is practically the same as

that of the Earth. The lunar maria are covered by a layer of regolith.

Its thickness is evidently quite variable, and in Mare Fecundltatie,

at the site where the Luna 16 sample was collected, it was a maximum

of 0.5 meter. The limits oF variation probably amount to several

meters. As we have already aeon, the regolith is an inhomogeneous

_ ?
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mixture of grains of rock, minerals of various sizes, shapes and

colors --both molten and particulate. With depth, the ratios between

the various grains change, although no stratification of the material

can be seen. This material is the result of powdering of rock under

the influence of high temperature, causing the formation not only of

molten particles of regolith but of s_herules as v'ell. The regolith

does not resemble the volcanic ash from terrestrial volcanoes. As

we have seen, the composition of the regolith differs slightly from

the composition of the lunar crystalline rocks. It contains a reduce

amount of maphic elements, and consequently must be more molteo tharL

the primary basalt. Before touching on the problems of the formation

of the regolith, let us recall the main factors of lunar "erosior:."

F?zst of all, there is the temperature variation of the lunar surface

rocks in the course of billions of years, from lunar day to lunar /20

night --over a temperature range of ± 100 ° C. Then there is the

irradiation of the surface rocks of the Moon by the "solar wind" ant

the galactic cosmic radiation. Furthermore, there is the vacuum in

which the lunar rocks are located; finally, the possible impacts of

meteorites are involved as well. Probably the temperature drop of

the surface rocks on the Moon has some effect on their hardness, but

we are not in any position to measure this at the present time.

The "solar wind" and galactic radiation have a much more signifi-

cant effect. First of all, it would seem from our observations that

the entire regollth shows signs of the _nfluenee of the "solar wlnd"

to a depth of 35 ¢m. In a sample from zone D, the regollth contained

an enormous amount of solar neutral gases.

Then the infrared spectrum of the regoltth indicates that it has

been Irradiated. We must awa$t the determination of the radioactive

products of splltttngf_m the deep layers of the regoltth. All of
\

this Is a prel_nlnar¥ Indication either ot the displacement of the
|

regollth at the slte, or the faot that the hlstory of lts formation _
is written in t_s strata. Radlr_lon does not penetrate deeply; it

I only passes throqh the f_st Few een_meters of _otl. On the basis ,.

of the obse_ttone and study of the so-oalled met_otton in Ltnerals
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containing radioactive elements, we can conclude _hat .::ey lose

hardness and undergo deformation of their crystal _attices. However,

, this usually does not lead to a complete disruption of the minerals.

We are attempting to det,ct metamlction in particles of regollth. In

addition, radiation begins to have an effect, especially when the

mineral is already fractured. Hence, during the crumbling of the

material, the "solar wind" does not participate dlrectl_ in the for-

mation of the regolith (melting) and does not affect the _t1_ngth of

the material. Usually the formation of the lunar maria and conse-

quently the regolith in particular, which fills them, is linked to

the action of falling meteorites and their impacts. It is into_sting

to think of the fall of a swarm of .eteorites on the side of the Moon

that faces the Earth in the region of the present lunar :aa2ia, which

are located along the equator. Why did they fall in swarms only on

the visible side of the Moon, the mct con_ex part _b_+ faces the

Earth? This is difficult to explain. The most reliable proof of the

"work" of meteorites would be their observation on the lunar surface.

However, meteorites and mlcrometeorites strike the Moon at cosmic

velocities. Experiments and calculations show that i gram of meteor-

ite substance undel these conditions would be capable of excavating

an amount of lunar rock that is 2 _ 3 orders larger, pulverizing it,

etc. The rock particles would strike with enormous velocities (over

a broad spectrum). Some could escape from the Moon, breaking free of

its gravity, and reach the Earth (for example, eucrites). We must

always keep in mind this situation with the balaz_ce of matter on the

Moon, when _rying to find an explanation for the formation of the

regolith. However, some portion, admittedly very small, of the

meteorite substance will remain on the lunar surface. Earlier, we
presented preliminary data on finding meteoritic material In the

regolith. It will undoubtedly be found. But this is far from being

a sufficient explanation of the formation of all the regolith on the

Moon.

The most strlkir_ faot about the endogenlc process of the

eruption of basalt on the Noon is the instantaneous oontaot with the \,

vaouum of spaoe. The luDg_ maims reaches the crust and b_eaks through.

The liquld magma and its gases burst out into a vaeut_j. There must
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be a spraying of the liquid magma and a simultaneous loss of _ts gas

and other volatile components. It would be desirat_e to find on this

"endogenlc track" the explanation for the origin ol' the regoli_h by

conducting appropriate experiments. This is cspeclally true, because
i

the main question regarding the nature of tne balance of the lunar

material is critical to an understanding of geochemical processes on

Earth, especially during the first billion years of its evolution.

h r....j
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